A key aspect of eukaryotic gene expression is the coupling of transcription with RNA processing, polyadenylation and export. The use of new techniques based on tandem affinity purification (TAP) and chromatin immunoprecipitation (ChIP), and of genetic and cell biology approaches has contributed to the beginning of deciphering the network of protein-mRNA interactions accompanying this coupling. Although an extensive amount of work has shed light on this matter, the order of participation and precise role of the different proteins remain to be deciphered. It seems that different and sequential protein interactions must converge to finally promote the anchoring of genes to the nuclear periphery. Here we discuss the new data on the coupling of gene expression and RNA export, with emphasis on the THP1-SAC3-SUS1-CDC31 complex and the possible implications of these results on transcription at the nuclear pore.
Introduction
Formation of a mature and an export-proficient mRNP requires the coupling of transcription with RNA capping, splicing, 3'-end formation, termination and polyadenylation (reviewed in refs. 1 and 2). A key player in this coupling is the C-terminal domain (CTD) of Rbp1, the largest subunit of the RNA polymerase II (RNAPII) that serves as a scaffold for a number of specific factors whose binding to RNAPII often depends on the CTD phosphorylation pattern. Coordination between different steps of transcription, mRNP biogenesis and export, facilitates gene expression, and failures in one step can have a backward or forward effect during the whole process of gene expression. Eukaryotic cells have developed quality control mechanisms to prevent the export of suboptimal mRNPs and synthesis of dysfunctional proteins that retain improperly processed transcripts in the nucleus (reviewed in ref. 3) .
A number of recent reports have focused on the understanding of the connection between mRNP biogenesis and export. The use of new techniques based on tandem affinity purification (TAP) and chromatin immunoprecipitation (ChIP), and of genetic and cell [RNA Biology 6:2, 145-148; April/May/June 2009]; ©2009 Landes Bioscience biology approaches has contributed to the beginnings of deciphering the network of protein-mRNA interactions accompanying transcription. 4 Proteins which were traditionally thought to act later in mRNP biogenesis, including mRNA export factors, are loaded onto chromatin during transcription to allow RNA export through the nuclear pore complex (NPC). 2 In addition, a functional connection between transcription and RNA export has been provided by the observation that mutations in some of the mRNA export factors lead to transcription defects. 5, 6 Although an extensive amount of work has shed light on this matter, the order of participation and precise role of the different proteins remain to be deciphered.
Different reports have revealed that active genes are recruited to the nuclear periphery (reviewed in refs. 7 and 8). These results support the old hypothesis of gene-gating, which postulated that the activation of non-randomly positioned genes in the nucleus was linked to specialized NPCs that in turn facilitate efficient mRNA export. 9 A significant effort has been made to understand the mechanisms underlying this phenomenon, and different models have been proposed. Some studies support the possibility that gene movement to the periphery is RNA independent and promoted by interactions of transcriptional activators with the NPC. Others suggest that transcription activation and/or initiation itself would not to be sufficient for such a relocalization. Instead, proteins that conform to the mRNP could stabilize the anchoring of the genes at the periphery in an RNA-dependent manner. 7, 8 It seems that different and sequential protein interactions must converge to finally promote the anchoring of genes to the nuclear periphery. Here we discuss new data about the coupling of gene expression and RNA export, with emphasis on the THSC complex, also termed TREX-2, and we will discuss the possible implications of these results on transcription at the NPC platform.
The Thp1-Sac3-Sus1-Cdc31 (THSC) Complex as a Bridge Between Transcription and mRNA Export at the NPC
Thp1-Sac3-Sus1-Cdc31 (THSC) is a conserved multifunctional complex located at the NPC that plays an important role in mRNA export and gene tethering in Saccharomyces cerevisiae. [10] [11] [12] [13] [14] [15] In this complex, Thp1 and Sac3 are found in association with the centrin Cdc31, 11, 12 that interacts with the spindle pole body (SPB) and acts in the duplication of microtubule-organizing centers, and with Sus1, a small protein that interacts with the SAGA complex involved in transcription initiation regulation. 14 ARG4. 21 In another study it was shown that Sus1 only binds to the promoter of GAL1, a gene whose transcription is also regulated by SAGA. 14 As Sus1 recruitment has been shown to be dependent on Sgf73 and Sac3, it is possible that Sus1 functions during transcription elongation with SAGA and THSC. There is evidence supporting the idea that THSC plays a role in transcription elongation that is linked to its function in mRNP biogenesis and export. In vitro experiments using whole cell extracts of THSC mutants do not show a significant elongation defect, in contrast to THO-complex mutants, which also affect mRNP biogenesis and export, suggesting that the effect of THSC mutations in transcription elongation can only be observed when it is physically coupled to RNA export at the NPC. 20 This is in agreement with the observed physical and functional interaction of THSC with factors involved in mRNP export such as Sub2, Yra1 and Mex67, whereas this relationship has not been observed with the SAGA complex. 10, 20, 21 Indeed, THSC seems to act during transcription elongation in a RNA dependent manner, as the transcription defects of the mutants can be suppressed by the action of a ribozyme that degrades the mRNA nascent molecule. 20 THSC has been shown to be necessary not only for the anchoring of an active gene to the periphery, but for posttranscriptional retention. 23 These data are in agreement with a view in which THSC connects transcription elongation with mRNA export by a RNA dependent process ( Fig. 1) .
It is possible that the stable association of genes with the NPC is achieved by different means. A transient contact could be established by physical interaction between the NPC and the promoter of the gene via transcription factors. 7, 8, 24 This could explain confinement of the GAL1 gene to the nuclear periphery mediated by the Nup1 nucleoporin plus Sac3, Sus1 and different subunits of SAGA such as the Ada2 subunit necessary for its integrity, 15 and the Sgf73 and Ubp8 deubiquytilation subunits. 22 Alternatively, the THSC a component of the 19S proteosome, has also been shown to be physically and functionally related to THSC complex. 16 Thp1 and Sac3 mediate docking of the mRNP at the NPC by its interaction with nucleoporins and the export receptor Mex67-Mtr2. 10 In addition to its effect on mRNA export, mutations in THP1 and SAC3 showed low levels of mRNA, suggesting a possible role for Thp1 and Sac3 in transcription. 12, 17 An additional link of THSC and transcription is provided by the interaction of SAGA with the Sus1 subunit. SAGA is involved in transcription regulation facilitating the access of general transcription factors to chromatin, mediating the assembly of a pre-initiation complex at the promoter of some genes. Sus1, in yeast, and its human and Drosophila orthologs physically interact with the subunits Ubp8 and Sgf11 of the deubiquitylation module of SAGA, and participate in the remodeling of histones necessary for gene expression. 18, 19 Thus, it seems that THSC could influence transcription via Sus1 by direct interaction with SAGA during transcription initiation (Fig. 1) . Nevertheless, THSC also participates in transcription elongation. THSC mutants show low levels of mRNAs of long and GC-rich ORFs and reduced RNAPII-occupancy at the 3' end of the genes. 20, 21 Taken into account all data, an emerging question asks if the transcription effect of THSC mutants is only a consequence of its interaction of THSC with SAGA or if it relies on the downstream function in mRNP biogenesis and export.
Recently, it has been shown that the Sgf73 subunit of SAGA stabilizes the interaction between Sus1-Sgf11 and the Ubp8 subunit required for activation of the deubiquitylation module, and that Sgf73 also seems to be necessary for the stable association of Thp1 and Sac3 with Sus1 and Cdc31. The synthetic growth defects of sgf73 mutant carrying THSC mutations is indeed consistent with a functional relationship between these factors. 22 Sus1 has recently been shown to bind to the ORF of the SAGA-dependent gene Figure 1 . Transcription at the nuclear periphery. mRNA is cotranscriptionally processed and packaged with proteins into messenger ribonucleoproteins (mRNPs) for export to the cytoplasm. Active genes may be recruited to the nuclear periphery via factors involved in transcription and mRNA export. Different phases of this coupling between transcription and mRNA export in Sacharomyces cerevisiae are illustrated. First, interactions between promoter and NPC via SAGA and Sus1 may tether the transcribed DNA to the nuclear periphery. Afterwards, during transcription elongation and mRNP processing, other factors would contribute to the gene tethering. In this process, the nuclear-pore associated complex THSC may be key player. In cells lacking mRNA biogenesis export factors, such as THSC, transcription and mRNP export would be disrupted, so that the transcribed DNA would be untangled from the NPC. CPF-CF (Cleavage and polyadenylation complex). The stable association of a gene with the nuclear periphery is mediated via interactions of the NPC with the promoter or with the 3'UTR. 25 The involvement of promoters and termination regions of a gene in localization to the nuclear periphery is particularly intriguing on the basis of the new gene-looping model for transcription. 32 In this model, transcription and termination are physically interconnected, implying the formation of an actively transcribed loop in which a number of factors, such as the Ssu72 Ser5-phosphatase or TFIIB participate during transcription at both promoter and termination regions. Physical association between promoters and poly(A) sites suggests that active genes exist in a looped conformation that could promote transcription reinitiation and facilitate the recycling of RNAPII from the terminator to the promoter. 32, 33 In this sense it is particularly noticeable that Mlp1, a factor involved in gene anchoring at the nuclear periphery, maps preferentially at the 3' end of the genes 28 and has recently been shown to interact with SAGA and to bind to the GAL1 promoter. 34 This opens the possibility that some genes form loops in the proximity of the NPC. A recent work using a modified chromatin immunoprecipitation protocol has revealed the existence of a heavy chromatin complex containing 3'-end processing factors and nucleoporin components, suggesting that the NPC itself associates with the 3' ends of the genes during transcription. 35 This large particle is observed in THO-Sub2 mutants consistent with a participation of THO from transcription elongation to the final release of the mRNP at the nuclear pore, which is in agreement with the pattern of crosslinking of THO to active chromatin 36 and its functional interaction with mRNA 3'-end processing proteins. 37, 38 In this sense is also worth noticing the recent observation that the mRNA export factor Yra1 is initially recruited to the transcription elongation complex through a direct interaction with Pcf11, a 3' end processing factor that associates with the poll CTD 39 (Fig. 1) .
That a large molecule intermediate formed at the NPC in THSC and THO mutants would be an intriguing possibility that could be related to a general impact on transcription elongation. In light of this and the increasing experimental evidence for the gene-looping model of transcription, it may not be surprising that an increasing number of nuclear proteins might affect transcription elongation. It would certainly be important to establish the physiological relevance of this nucleoporins-containing particle in the nuclear structure, considering that THSC and other RNA export mutations have been shown to disentangle the transcribed DNA from the nuclear periphery (Fig. 1) .
Concluding Remarks and Future Perspectives
Gene gating has been described for some genes that are highly transcribed under stress-induced conditions or in special developmental processes. It is unlikely that all transcriptional activity takes place at the nuclear periphery, but this may be the case for highly expressed genes to favor a rapid and coordinated export to the cytoplasm. In light of the gene looping model of transcription, the uncovering of large nucleoprotein complexes containing transcription, mRNA export and nucleoporins, and the known functional impact that proteins found at the nuclear periphery, such as the THSC complex, has on transcription, it is possible that transcription initiation and termination sites are brought together with the nuclear pore in activated and highly expressed genes. The contribution of the complex via its putative ability to interact with the nascent mRNP could either stabilize or promote an alternative mechanism of association, accordingly with the relevance of the mRNP in the gene anchoring 23, 25 (Fig.1) .
The biological relevance of the coupling between transcription and RNA export at the NPC is provided by other factors, such as Mlp1 and Mex67, which have been shown to contribute to gene tethering. 26 Mlp1 is a myosine-like protein that interacts with mRNA export factors and it serves as a docking site at the NPC for hnRNP proteins, 27 and is associated with transcribing genes in an RNA-dependent manner. 28 Interestingly, Mex67 is also recruited to active chromatin. 29 The observations that a reporter-gene lacking the coding region is able to recruit Mex67 upon transcriptional activation and to relocate to the nuclear periphery, and that the Mex67 recruitment to active chromatin is insensitive to RNase have led to the proposal that Mex67 participates in gene-tethering, probably, in an RNA-independent manner. 26, 29 However, the physical interaction of Mex67 with other mRNP biogenesis and export factors, such as THSC, 10 abrogate for a putative role of the mRNP in tethering.
Altogether, the data suggest a scenario in which proteins that are associated with the NPC and with a putative function in later steps of mRNP biogenesis and export, also affect earlier steps of transcription. Indeed THSC mutations, in addition to RNA export impairment, lead to transcription elongation defects and transcription-dependent hyper-recombination that are dependent on the nascent mRNA in yeast, 20 presumably with the involvement of R-loop formation as was previously shown for yeast THO-Sub2 mutants. 2 THO is a 4-subunit complex recruited to active chromatin that participates in transcription elongation and interacts physically and functionally with the export factors Sub2 and Yra1 forming a bigger complex termed TREX. 2 The interaction of THSC with chromatin is not yet defined, and even though THSC would act later than THO/TREX during mRNP biogenesis and export, THSC depletion results in a feedback effect on transcription elongation in vivo ( Fig. 1) . 20 A number of nuclear proteins have been found with either an impact on transcription elongation or in association with the ORF during elongation but without a clear function in elongation. The latter can be seen in some SAGA subunits, 30, 31 including Sus1 when acting as a subunit of the SAGA complex. SAGA is involved in nucleosome eviction and histone deubiquitylation and some subunits could have an indirect effect on transcription elongation via the impact of these chromatin modifications or on the access of some other factors to the RNAPII itself. Instead, the action of Sus1 during transcription elongation may be played as part of THSC. The observation that Sus1 is not recruited to the coding region of SAGAdependent genes as GAL1 but to its promoter 14 or that it shares the features of Thp1 and Sac3, 20,21 opens the possibility that Sus1 relationship with elongation is a consequence of it being a subunit of THSC.
Transcription and mRNP Biogenesis at the Nuclear Periphery
Increasing evidence, mainly in yeast, suggests that a number of transcription-coupled RNA processing steps converge at the nuclear pore. Different nucleoporins have been shown to interact with active genes. 7, 8 Also, a specific interaction between Nup2 and the promoter of numerous genes have been shown by in vivo mapping of the cleavage sites of Nup2 fused to microccocal nuclease. 24 Transcription, RNA export and the THSC complex mRNP biogenesis process during transcription elongation may be critical for the tethering, but reciprocally it may cause transcription initiation and elongation to be affected by feedback mechanisms that sense further steps of transcription and mRNP biogenesis and export. Our full understanding of nuclear gene expression certainly requires a better understanding of the cellular context in which reactions take place, but at the same time introduces us to a new body of knowledge that opens new and intriguing questions about the physical connection of transcription with the nuclear periphery and its impact on other nuclear processes, including genome dynamics.
